Abstract. The purpose of this study is to conduct a retrospective data analysis for inter-laboratory crossvalidation studies to set a reasonable and practical acceptance criterion based on a number of crossvalidation results. From the results of cross-validation studies for 16 compounds and their metabolites, analytical bias and variation were evaluated. The accuracy of cross-validation samples was compared with that of quality control (QC) samples with statistical comparison of the analytical variation. An acceptance criterion was derived with a confidential interval approach. As the results, while a larger bias was observed for the cross-validation samples, the bias was not fully caused by analytical variation or bias attributable to the analytical methods. The direction of the deviation between the cross-validation samples and QC samples was random and not concentration-dependent, suggesting that inter-laboratory variability such as preparation errors could be a source of bias. A derived acceptance criterion corresponds to one prescribed in the Guideline on bioanalytical method validation from the Ministry of Health, Labour and Welfare in Japan and is a little wider than one in the European Medical Agency. In conclusion, thorough retrospective data analysis revealed potential causes of larger analytical bias in inter-laboratory cross-validation studies. A derived acceptance criterion would be practical and reasonable for the inter-laboratory crossvalidation study.
INTRODUCTION
Quantitative determination of drugs and their metabolites in biological matrices is an integral part of drug research and development for evaluation of the safety and efficacy of new pharmaceutical substances through the elucidation of the pharmacokinetics (absorption, distribution, metabolism, and excretion) of drugs and their metabolites. The concentration data are also used in the evaluation and interpretation of bioavailability, bioequivalence, and drug-drug interaction findings. It is therefore essential to employ bioanalytical methods that have been shown to be robust and well characterized through full validation of the bioanalytical methods in order to generate reliable and reproducible results that can be satisfactorily interpreted.
Under these circumstances, the principles for the validation of bioanalytical methods have been well discussed at the American Association of Pharmaceutical Scientists (AAPS)/ Food and Drug Administration (FDA) Bioanalytical Workshops held in 1990 (1), 2000 (2) , 2007 (3) , and 2013. These workshops not only provided a platform for scientific discussions on this theme, but also formed the basis for the regulatory guidance on bioanalytical method validation (BMV) issued by the FDA in 2001 (4) and the draft FDA guidance on BMV in 2013 (5) . During this period, the European Medical Agency (EMA) also released their own Guideline on BMV in 2011 (6) . In Japan, a Draft guideline on BMV in Japan by Japan Bioanalysis Forum was published in 2012 (7), followed by the Guideline on BMV in pharmaceutical development which was released from the Japanese authority, Ministry of Health, Labour and Welfare (MHLW) in 2013 (8) .
Cross-validation is one of key principles of BMV where the validation parameters and the results obtained from two or more bioanalytical methods are compared. When sample analyses within a single study are conducted at more than one site or more than one laboratory, cross-validation should be conducted to establish inter-laboratory reliability. Although the need of cross-validation study had been well discussed from the 1st AAPS/FDA Bioanalytical Workshop (1) , no specific procedure and criterion for cross-validation was prescribed in the FDA Guidance in 2001 (4) . Followed by the 3rd AAPS/FDA Bioanalytical Workshop (3) where the attendees agreed that cross-validation procedure and acceptance criteria need to remain flexible considering the various 1 bioanalytical situations where they would be required, no detailed criterion for cross-validation study was provided in the FDA draft guidance in 2013 (5). The EMA Guideline on BMV (6) is the first regulatory guideline which provides specific criteria for cross-validation using the quality control (QC) samples, where the obtained mean accuracy by the different methods should be within 15% and may be wider, if justified for the QC samples. While the provided cutoff value of 15% is well aligned with the criteria for accuracy evaluation of QC samples during the full validation of bioanalytical methods, it seems that the guideline also leaves room for employing a wider acceptance criterion considering the various situations of cross-validation experiments. In case of the inter-laboratory cross-validation study, especially, the use of wider acceptance criterion may be reasonable since additional variation could be introduced by the involvement of at least one other bioanalytical laboratory. The recently released MHLW Guideline on BMV (8) also provides an acceptance criterion for inter-laboratory cross-validation study: The mean accuracy of QC sample should be within ±20% deviation of the theoretical concentration, considering intra-and inter-laboratories precision. Although several articles have discussed the general approach and acceptance criterion on cross-validation (9-13), they have not been based on a large number of actual crossvalidation results.
The purpose of this study is to conduct a retrospective data analysis of the inter-laboratory cross-validation studies for 16 compounds and their metabolites to set a reasonable and practical acceptance criterion. A further investigation is performed for the larger analytical bias observed for crossvalidation samples during this data analysis. In addition, a practical and reasonable acceptance criterion for interlaboratory cross-validation studies is derived based on a number of actual inter-laboratory cross-validation results.
MATERIALS AND METHODS

Compound Property and Bioanalytical Methods
The 16 compounds evaluated in this data analysis were candidate compounds under clinical development in multiple countries by Takeda Pharmaceutical Company Limited. The inter-laboratory cross-validation studies for the 16 compounds and their metabolites were performed from 2005 to 2012. The physicochemical properties of the compounds and their metabolites are summarized in Table I . Bioanalytical methods used for the cross-validation studies are summarized in Table II . The bioanalytical methods for the 16 compounds and their metabolites were developed for human plasma and urine as target biological matrices of interest using liquid chromatography/ tandem mass spectrometry (LC/MS/MS). All the bioanalytical methods were fully validated at both the original and receiving laboratories, individually, in accordance with the FDA guidance on BMV. Original laboratory means the bioanalytical laboratory where the cross-validation samples were prepared and subsequently shipped to a receiving laboratory. Both original and receiving laboratories were bioanalytical CROs in our interlaboratory cross-validation studies. In most cases, a bioanalytical method was developed at the in-house laboratory and then transferred and validated at a bioanalytical laboratory. After completion of validation at the original laboratory, the method was transferred to a second bioanalytical laboratory, the receiving laboratory. The validated bioanalytical methods were applied to the sample analyses in the cross-validation studies. While the bioanalytical methods were not identical between original and receiving laboratories, they were basically very similar as the bioanalytical methods validated at one laboratory were then transferred to the other. No obvious bioanalytical issue was observed at either the original or the receiving laboratories during the full validation of the bioanalytical methods used for the cross-validation studies.
Procedure of the Inter-laboratory Cross-validation Studies
Two sets of spiked cross-validation samples at three concentration levels (low, medium, and high concentration levels) were prepared at the original laboratory. One set of spiked cross-validation samples was analyzed in triplicate at the original laboratory. Another set of cross-validation samples was shipped to the receiving laboratory with temperature monitored and then analyzed in triplicate within established stability period. The concentrations of the crossvalidation samples were kept blinded to the receiving laboratory up to the completion of the cross-validation studies. The cross-validation samples were analyzed by fully validated bioanalytical methods at both original and receiving laboratories along with calibration standards and QC samples for the validity of each analytical run. The QC samples at three concentration levels were analyzed in duplicate. The acceptance of each analytical run was evaluated based on the accuracy of the calibration standards and QC samples as per the FDA guidance on BMV (4). The acceptance criterion taken for our cross-validation studies was that the accuracy of two or more cross-validation samples at each concentration level should be within ±20% of their respective nominal concentration at both the original and receiving laboratories.
Data Analysis
Mean accuracy, absolute value of mean relative error (|mean RE|), standard deviation (SD), and coefficient of variation (CV) were calculated at each concentration level for the cross-validation samples and QC samples. Mean, SD, and CV of the mean accuracy as well as the mean of |mean RE| and CV were also calculated. All the calculations and F-test were performed using Microsoft Excel 2007.
Comparison of the Accuracy Between the Cross-validation Samples and QC Samples
The accuracy between cross-validation samples and QC samples was compared by statistically comparing the analytical variation. The range of the analytical variation that could statistically include 99% of the individual accuracy data (the range between 0.5 and 99.5th percentile), "the 99% range of accuracy," hereafter, was calculated with the Eq. (1).
The 99% range of accuracy % ð Þ ¼ mean accuracy AE 2:58 Â SD
ð1Þ
The 99% range of the accuracy was calculated for all of analytes at three concentration levels analyzed at both the original and receiving laboratories. The number of QC samples whose accuracy was out of the 99% range of accuracy was then counted.
For visualization purpose, the mean accuracy of crossvalidation samples, individual accuracy of QC samples, and the 99% range of accuracy were normalized according to the following equations.
The normalized accuracy % ð Þ ¼ accuracy mean accuracy of cross validation samples Â 100 ð2Þ
The normalized 99% range of accuracy % ð Þ ¼ 100 AE 2:58 Â CV
ð3Þ
RESULTS
Characteristics of the Compounds and Bioanalytical Methods
The physicochemical properties of the 16 compounds and their metabolites are summarized in Table I . The compound set included 15 bases, 10 acidic compounds, 12 neutral compounds, and 4 zwitterionic compounds. Molecular weights ranged from 166 to 1,225 Da, the cLogP ranged from −2.5 to 6.3, and the topographical polar surface area ranged from 12 to 476.
The summary of bioanalytical methods used for interlaboratory cross-validation studies is presented in Table II . Five bioanalytical methods aimed to determine only the unchanged compound as a target analyte, and other bioanalytical methods for 11 compounds contained one to four metabolites as simultaneous target analytes. Stable isotope-labeled compounds were employed for 30 out of 41 target analytes as internal standards for LC/MS/MS analyses. The pretreatment procedure used for plasma and urine analyses was solid phase extraction, liquid-liquid extraction, or protein precipitation. Simple dilution was also employed for a few of urine methods. Reverse phase liquid chromatography was dominant as the LC mode, and ultra-high-performance liquid chromatography technology was employed for four methods. The dynamic range established for plasma and urine methods was 100-to 5,000-fold.
Evaluation of Inter-laboratory Cross-validation Studies Under the EMA Criterion
The results of inter-laboratory cross-validation studies for 16 compounds and their metabolites in human plasma and urine were evaluated based on the acceptance criterion proposed by the EMA Guideline on BMV (6): The mean accuracy by the different methods should be within 15%. The summary of the evaluation is presented in Table III . The results were evaluated from three different viewpoints: study, analyte, and concentration levels. One study consisted of one to five analytes, and each analyte consisted of three concentration levels. It was found that the majority of results (<90%) passed the acceptance criterion at both the original and receiving laboratories from the evaluation of the concentration level, whereas the number of failures was larger at the receiving laboratories. At the receiving laboratories, only 4.1 and 8.1% of the study results from plasma and urine analyses, respectively, failed to meet the criterion from the concentration evaluation, and these resulted in 25.0 and 31.3% of failure at the study level evaluation. The larger bias (>15% of nominal) of cross-validation samples was observed regardless of sample pretreatment methods or type of internal standards employed.
Analytical Bias and Variation of Cross-validation Samples
The histograms of 246 of the mean accuracy of the crossvalidation samples at the original and receiving laboratories are shown in Fig. 1 containing the mean, SD, and CV of the mean accuracy. Since the observed histograms at both Fig. 1 . Histograms of mean accuracy of cross-validation samples analyzed at a original and b receiving laboratories bioanalytical laboratories followed almost a normal distribution, further statistical data analysis was performed on the data set. While the calculated mean of the mean accuracy was very close to 100% at both analytical sites, the SD were 4.8 and 8.1% at both the original and receiving laboratories, respectively, which were significantly different by the F-test (P<0.01). The mean of |mean RE| and mean CV of the crossvalidation samples as well as the mean of |mean RE| of the QC samples were calculated and are shown in Fig. 2 . Correlation of the |mean RE| and CV of the cross-validation samples are plotted in Fig. 3 . While the mean of the |mean RE| of the cross-validation samples was larger at the receiving laboratories, interestingly, there was no obvious difference in the mean CV. In addition, no obvious correlation was observed between the |mean RE| and CV at both laboratories. The mean of the |mean RE| of the cross-validation samples was larger than that of the QC samples at the receiving laboratories while no difference was observed at the original laboratories. The mean of the |mean RE| of QC samples at receiving laboratories was larger than that at original laboratories.
Deviation Between the Cross-validation Samples and QC Samples
The mean accuracy of the cross-validation samples was compared with the individual accuracy of the QC samples with statistical comparison of the analytical variation which was calculated as the 99% range of the accuracy. The summary of the comparison of the accuracy between the cross-validation samples and QC samples is shown in Table IV . The percentages of both of the QC samples which were outside the 99% range of the accuracy at the low, medium, and high concentration levels were 7.4, 14.8, and 11.1%, respectively, at the original laboratory, and 31.7, 29.3, and 25.6%, respectively, at the receiving laboratory. These results indicated that statistically inexplicable deviations between the accuracy of the cross-validation samples and the QC samples were observed at the receiving laboratory with higher frequency at all the concentration levels evaluated.
The comparisons of the normalized accuracy of the cross-validation samples with the normalized accuracy of the individual QC samples for the selected cross-validation study results where both of the QC samples were out of the 99% range of accuracy at either original or receiving laboratory are depicted in Fig. 4 . For visualization purpose, the 99% range and accuracy of cross-validation samples and QC samples were normalized. At all concentration levels, overall, more frequent and larger deviations were observed at the receiving laboratory. On the other hand, it seemed that no obvious difference was observed in terms of the analytical variability represented by error bars between original and receiving laboratories. The direction of the deviation in the QC samples from the normalized mean accuracy of the cross- validation samples was found to be random through all the concentration levels. The frequency of deviation at the receiving laboratories was similar across the concentration levels.
The mean accuracy of cross-validation samples and QC samples at the original and receiving laboratories which may be showing potential preparation errors was selected from the data used for Fig. 4 and shown in Fig. 5 . The results for coanalytes were also depicted if any. The data where the mean accuracy of the cross-validation samples at the receiving laboratory was close to that at the original laboratory are presented in Fig. 5a . Typically, the result for compound C showed that the mean accuracy of the cross-validation samples at both the original and receiving laboratories had bias from their nominal concentrations, which simply suggested preparation error of the cross-validation samples at the original laboratories. In Fig. 5b , on the other hand, the data where mean accuracy of the QC samples at the receiving laboratory was close to that of the cross-validation samples and QC samples at the original laboratory are presented. The results for the co-analytes suggested potential preparation errors. Especially for compound O, the deviation was observed for all the co-analytes that were simultaneously spiked into the cross-validation samples regardless of relatively different physicochemical properties.
Derivation of Acceptance Criterion
Based on the confidence interval approach suggested by H. T. Karnes et al. (14) , the 99% ranges of mean accuracy, namely, 99% confident interval of accuracy, of the crossvalidation samples were calculated at the original and receiving laboratories, which were 12.4 and 20.9%, respectively. Since the fixed range approach is simple and widely accepted in regulated bioanalysis field, 20% cutoff value was derived and proposed as a practical acceptance criterion for inter-laboratory cross-validation studies.
DISCUSSION
From the retrospective data analysis of inter-laboratory cross-validation studies on a broad range of chemical characteristics as shown in Table I , it was suggested that the larger number of failures at receiving laboratories (Table III) was due to the wider distribution of accuracy of the crossvalidation samples (Fig. 1) . When accuracy and precision were separately evaluated as those could independently affect the concentration data (14) , it was indicated that the larger analytical biases of the cross-validation samples analyzed at the receiving laboratories were caused by neither the analytical variation nor analytical biases in the bioanalytical methods used at the receiving laboratories with assuming that the analytical variation of a bioanalytical method could be estimated from the CV of the cross-validation samples (Figs. 2  and 3 ). Although the larger bias of cross-validation samples could be partially addressed by slightly larger analytical bias of QC samples at receiving laboratories which may have been due to less experience with the methods, the unexplainable bias was still left for cross-validation samples. Similar results were observed for the selected data where the crossvalidation studies were found to fail under the EMA criterion (data not shown).
When the deviations between the accuracy of crossvalidation samples and QC samples were evaluated, statistically inexplicable deviation were observed at the receiving laboratories with higher frequency (Table IV) , and these results agreed with the previously observed larger analytical bias of cross-validation samples at the receiving laboratories compared with that of the QC samples (Fig. 2) . Adsorption, stability, and solubility issues are common in the quantitative analysis of biological matrices, which are related to the characteristics of the target analyte. While the adsorption and stability issues are likely to be more severe at low concentration levels, the solubility issue would be obvious at high concentration levels. Across these three types of analytespecific issues, on the other hand, the presumed direction of the deviation would be similar where the accuracy of the cross-validation samples may be lower than that of the QC samples since these types of issues are likely to have more impact on the cross-validation samples than the QC samples when analyzed at receiving laboratories. Nevertheless, neither a trend in the direction nor a concentration-dependent deviation was observed as the results of further evaluation for the extracted cross-validation study results (Fig. 4) , suggesting that these types of analyte-specific issues could not fully address the deviation between the cross-validation samples and the QC samples. Matrix effect and saturation of the instrument were different types of common analyte-specific issues especially for the bioanalytical methods using LC/MS/ MS where the direction of the deviation is likely to be random. However, it is known that the matrix effect is particularly relevant with samples at low concentration levels QC quality control (15) and saturation of the instrument is more frequently observed at high concentration levels, indicating that these issues could not fully address the deviations observed between the cross-validation samples and the QC samples, either. Additionally, generally saying, since the analytespecific issues discussed above should basically have been well characterized during the process of full validation at each original and receiving laboratory, individually, it would be less likely that these analyte-specific issues could cause a large deviation between the cross-validation samples and the QC samples which led to the failure of inter-laboratory crossvalidation studies. Under these circumstances, preparation errors of either the cross-validation samples or the QC samples could be a potential source of bias which may cause concentrationindependent random deviations between the cross-validation Fig. 5 . Mean accuracy of cross-validation samples and QC samples at original and receiving laboratories which may be showing the potential preparation errors. a Mean accuracy of cross-validation samples at receiving laboratories was close to that of cross-validation samples and QC samples at original laboratories. b Mean accuracy of QC samples at receiving laboratories was close to that of cross-validation samples and QC samples at original laboratories. Mean accuracy±SD for X, mean accuracy for QC. X cross-validation sample, QC quality control sample, PL plasma, UR urine samples and QC samples (Fig. 5) . More realistically, the combination of preparation error and/or other factors like analyte-specific issues, in other words "inter-laboratory variability," may cause the large deviation observed for the crossvalidation samples. The problem of results represented in Fig. 5b is that an effect of inter-laboratory variability on the cross-validation samples could not be detected until the crossvalidation samples are actually shipped and analyzed at the receiving laboratory.
Based on a number of actual inter-laboratory crossvalidation results, a practical acceptance criterion, 20% cutoff value, was derived and proposed. The 99% range for the original laboratory was close to the 15% that is the threshold widely adopted for accuracy evaluation of QC samples during the full validation of bioanalytical methods, demonstrating the usefulness of confidence interval approach for deriving an acceptance criterion. The 99% range for receiving laboratories suggested the need of a wider acceptance criterion than the 15% cutoff prescribed by the EMA Guideline (6) in order to address the inter-laboratory variability composed of a preparation error and/or other factors on cross-validation sample analyses. Based on the present data analysis, the 20% cutoff value was considered reasonable under the unique experimental situation where additional variability was shown to be generated from the involvement of additional bioanalytical laboratories. By taking the 20% cutoff, the purpose of inter-laboratory cross-validation studies could be focused on verifying whether analytical biases of the crossvalidation samples are within a certain range where analytical bias and variation of the methods as well as inter-laboratory variability are taken into consideration. If 15% cutoff was otherwise employed, additional brush up of fully validated bioanalytical methods is likely to be necessary for substantial number of bioanalytical methods, which would be a high burden for bioanalytical community, as the potential source of inter-laboratory variability could vary and, in some cases, not easy to be identified based on our data analysis. Another option may be to ship all the study samples from multiple study sites to one bioanalytical laboratory in place of establishment of inter-laboratory reliability. However, this option would take more time and risk on sample shipment especially across country border, leading to inefficient use of bioanalytical resources. In addition, the multisite study tends to have more variability at least due to inter-site variability (e.g., site conditions, practices, meals, and a blood collection method). In case of multisite clinical studies, additional variability is likely to be incorporated from intrinsic (e.g., demographics and genetic polymorphism) and extrinsic (e.g., environment, diet, and medical practice) ethnic factors. Under this situation, taking 20% accuracy criterion for inter-laboratory cross-validation study was considered acceptable. From the regulatory point of view, the wider cutoff value proposed in this study is not necessarily against the prescription in the EMA Guideline on BMV (6) considering the room left for the criterion on the cross-validation study. In addition, the Guideline on BMV released from MHLW in Japan (8) which was recently released adopts the 20% cutoff for the inter-laboratory cross-validation study using QC samples. Although further investigation based on a larger and a variety of data set would be certainly necessary to derive a more appropriate cutoff value and to investigate a source of inter-laboratory variability and its countermeasure, it is hoped that the practical and reasonable acceptance criterion derived from this data analysis could help to facilitate the evaluation and establishment of inter-laboratory reliability of bioanalytical methods while still holding a certain validity on the obtained bioanalytical data, without time-consuming and labor-insensitive further modification of the bioanalytical methods, leading to the effective and efficient use of the concentration data from multiple bioanalytical laboratories during the drug research and development.
CONCLUSIONS
Thorough retrospective data analysis revealed that large deviations observed in inter-laboratory cross-validation studies were not fully caused by the analytical variation and bias attributing to the bioanalytical methods. Rather, it was suggested that inter-laboratory variability like potential preparation error of the cross-validation samples could be a source of analytical bias where the direction of the deviation between cross-validation samples and QC samples was random and not concentration-dependent. An acceptance criterion derived by the confidential interval approach from a number of cross-validation results that the mean accuracy should be within 20% of their nominal, which corresponds to one prescribed in the Guideline on BMV from MHLW in Japan (8) and is a little wider than one in EMA Guideline on BMV (6), would be a practical and reasonable cutoff for the inter-laboratory cross-validation study for QC samples using a LC/MS/MS-based bioanalytical method.
It is hoped that the acceptance criterion for interlaboratory cross-validation studies proposed from this data analysis could facilitate the establishment of inter-laboratory reliability of bioanalytical methods, leading to more effective and efficient use of concentration data obtained from multiple bioanalytical laboratories with a certain validity during drug research and development.
